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Abstract This study analyzes high-frequency wind data collected by research towers in the surface layer
of Typhoons Hagupit (2008) and Chanthu (2010) to investigate the characteristics of the momentum flux,
turbulent kinetic energy (TKE), drag coefficient, and dissipative heating (DH) during landfalls. It is found that
the momentum flux TKE and DH increase with the wind speed up to the maximum observed wind speed
(~40 m/s), in agreement with previous studies that presented eddy correlation flux data in a similar condition
but with lower maximum observed wind speed. However, the momentum flux, TKE, drag coefficient, and
DH are found to be substantially larger in Typhoon Chanthu (2010) than those in Typhoon Hagupit (2008) at a
given wind speed, likely due to much rougher surface conditions surrounding the tower deployed in
Typhoon Chanthu (2010). Furthermore, the DH is calculated using two different methods: (1) based on
surface-layer theory and (2) based on the standard turbulent spectra method. It is found that the first method
tends to overestimate the value of DH compared to the second method, and the overestimation of the DH
by the first method is much smaller over rougher underlying surface than over the smoother underlying
surface. Our analysis shows that the magnitude of the DH over land is as large as the sensible heat flux
(~100 W/m2) previously observed over the ocean, which should not be neglected in numerical models
simulating tropical cyclones during landfalls.

1. Introduction

It is well known that physical processes tied to turbulent transport in the planetary boundary layer (PBL) play
a significant role in the lifecycle of a tropical cyclone (TC; e.g., Bryan, 2012; Davis et al., 2008; Ooyama, 1969;
Wroe & Barnes, 2003; Zhang, Marks, et al., 2011). Malkus and Riehl (1960) found that the heat transfer from the
ocean to the atmosphere determines the intensity and structure of a TC, especially the eyewall structure.
Emanuel (1986, 1995) pointed out that the air-sea exchange of momentum and enthalpy fluxes are respon-
sible for the intensification of a TC and its maximum potential intensity (MPI). Several previous numerical
studies demonstrated that the intensity and structure of TCs are sensitive to the parameterized turbulent
fluxes in the PBL schemes in various numerical models (Braun & Tao, 2000; Bryan, 2012; Green & Zhang,
2014; Kepert, 2012; Ming & Zhang, 2016; Nolan et al., 2009; Ooyama, 1969; Smith & Thomsen, 2010).

Besides turbulent fluxes, another important physical parameter in the surface layer of TC is dissipative heat-
ing (DH). The DH is induced by frictional dissipation of kinetic energy through molecular processes. It is an
important thermodynamic energy source for TCs and one of the key factors in the MPI theory. The DH was
first studied by Bister and Emanuel (1998) using both a simple balance model and an axisymmetric nonhy-
drostatic model in idealized simulations of TCs. They demonstrated that the maximum surface wind speed
increases by ~ 20 m/s and the central minimum sea level pressure decreases by ~40 hPa when the DH
was included in their simulations. They suggested that the DH should be included in numerical models for
TC simulations and forecasts. Note that a theoretical study given by Kieu (2015) discussed the limitation of
including the DH in the MPI theory proposed by Bister and Emanuel (1998) through a detailed energy budget
analysis. Businger and Businger (2001) investigated the DH estimated from the turbulent kinetic energy (TKE)
budget equation and also suggested that the DH should be included in numerical models, particularly in
models resolving mesoscale structures of TCs.
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Furthermore, there were several numerical studies that investigated the effect of DH on the intensity and
structure of TCs. Zhang and Altshuler (1999) used three-dimensional, nonhydrostatic cloud-resolving model
with explicit simulations of Hurricane Andrew (1992) to examine the influence of DH on Andrew’s intensity
and structure. They concluded that the central pressure was 5–7 hPa lower and the maximum surface wind
speed was 10% higher in the simulations with the DH than those in the simulations without the DH. They also
showed that DH tends to increase the sensible heat flux at the top of the surface layer, leading to a warmer
surface layer. The net heating rate in their control simulation was 30%–40% lower than that in the simulation
including DH. Wang (2001) included the DH in his triply nested movable mesh primitive equation model
(TCM3) through a TKE term. Based on the dissipation of the TKE, the DH effect was also implemented into
the operational Geophysical Fluid Dynamics Laboratory (GFDL) model in 2001 (Bender et al., 2007). Jin
et al. (2007) used the U.S. Navy’s operational mesoscale model (the Coupled Ocean/Atmosphere Mesoscale
Prediction System) to investigate the impact of DH on TC intensity forecasts. They found that the intensity
forecast was improved by 10%–20% with the DH included in their simulations of 10 TCs, but they found little
effect of DH on the track forecast. Zeng et al. (2010) used a newly developed, fully compressible, nonhydro-
static primitive equation model (TCM4) to compare TC simulations with and without DH. They found that the
maximum surface wind speed increased by 10.5% and the minimum sea surface pressure decreased by
8.1 hPa when including the DH in their idealized simulations. Cheng et al. (2012) examined effects of DH
on structure and intensity of a real TC using the fifth-generation Pennsylvania State University–National
Center for Atmospheric ResearchMesoscale Model (MM5). They concluded that the DH could warm the lower
atmosphere within the high-wind region, because the heating offsets the cooling induced by the evapora-
tion of sea spray.

However, there were few observational studies estimating the magnitude of the DH in boundary layer of TCs.
Zhang (2010) was the first study that has examined the DH using observational data in TCs. Two different
methods were used by Zhang (2010) to compute the DH with the fast-response wind data collected in the
boundary layer of five Atlantic hurricanes. They pointed out that the method of multiplying the drag coeffi-
cient by the cubic of the surface wind speed as used by Bister and Emanuel (1998) overestimated the DH
compared to the method in which the DH was calculated by integrating the rate of dissipation in the surface
layer. Zhang, Zhu, et al. (2011) examined the calculation of DH using the same two methods using high-
frequency wind data of three landfalling hurricanes. Their results were consistent with the finding of
Zhang (2010) over the ocean. Till now, few studies have investigated the DH using the observed data over
the Western Pacific basin. The present study aims to fill this gap by analyzing the high-frequency wind data
to assess turbulent characteristics of landfalling typhoons over the Western Pacific Ocean. The objective of
this paper is to compare the momentum flux, drag coefficient, TKE, and DH measured over different
underlying surfaces during TC landfalls.

2. Data and Methodology

In this study, the high-frequency wind data were collected by two research towers during the passage of two
typhoons, each in Typhoons Hagupit (2008) and Chanthu (2010). The tower deployed in Typhoon Hagupit
(2008) is referred to as Tower1 and the tower deployed in Typhoon Chanthu (2010) is referred to as
Tower2, hereafter. The locations of the two towers relative to the storm tracks are plotted in Figures 1a
and 1c. The observational period in Typhoon Hagupit (2008) was from 1400 UTC 23 September to 0500
UTC 24 September 2008. In Typhoon Chanthu (2010), the observational period was from 2100 UTC 21 July
to 1100 UTC 22 July 2010. Tower1 was located at 111.374°E, 21.439°N on the Zhizai Island which is separated
from the main land and is surrounded by shallow water. The area of the Zhizai Island is about 3,000 m2 and
the surface is covered by sand and weeds (Figure 1b). Tower2 was located at 110.506°E, 20.975°N on the
Donghai Island which is 2.3 km inland from the coast line. Tower2 was surrounded by farmland, woodland,
and residential areas (Figure 1d).

A brief summary of the life cycle of the two typhoons is given below. Typhoon Hagupit (2008) formed as a
tropical depression over northeast of Guam on 19 September 2008. It intensified into a typhoon on 20
September 2008 and turned to northwestward after that. At 2245 UTC, on 23 September 2008, Typhoon
Hagupit made landfall at Dianbai Town of Maoming City in Guangdong Province of China with the minimum
sea level pressure of 940 hPa and the maximum surface wind speed of 110 kts based on the best track from
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the Joint Typhoon Warning Center (JTWC; Figure 2a). The center of Typhoon Hagupit (2008) was 8.5 km away
from the Zhizai Island where Tower1 was deployed. Typhoon Chanthu (2010) originated from a tropical
depression over the South China Sea on 18 July 2010. The storm intensified to typhoon intensity by 1800
UTC, 21 July. At 0545 UTC, on 22 July 2010, Typhoon Chanthu made landfall at the Wuchuan city in

Figure 1. (a) Plot of the location of Tower1 with the track of Typhoon Hagupit (2008). (b) Plot of the surface topography
around Tower1. (c) Plot of the location of Tower2 with the track of Typhoon Chanthu (2010). (d) Plot of the surface
topography around Tower2. The magenta color stands for the period we focused on.

Figure 2. Observed minimum sea level pressure (blue dashed line, unit: hPa) and maximum surface wind speed (red solid
line, unit: kts) of Typhoons (a) Hagupit (2008) and (b) Chanthu (2010) from Joint Typhoon Warning Center. The two
magenta lines cover the periods of interest for data analysis.
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Guangdong Province of China. The maximum surface wind speed from the best track is 80 kts and the mini-
mum sea level pressure is 963 hPa before landfall (Figure 2b).

Both towers are 100 m high with the Gill Windmaster Pro ultrasonic anemometers installed at 60 m on
Tower1 and 70 m on Tower2. The sampling frequency of the measured three-dimensional wind speed is
10 Hz. The 15-min averaged wind speed during the periods of observations in the two typhoons are plotted
in Figure 3. When Typhoon Hagupit (2008) passed Tower1, its storm center was close to the tower, as indi-
cated by the time series of the mean wind speed showing a nice “M” shape wind profile (Figure 3a). The
observed maximum wind speed reached 43.8 m/s in Typhoon Hagupit, which is much higher than that
shown in previous studies (Zhang, Zhu, et al., 2011). Tower2 was located on the left side of Typhoon
Chanthu (2010) such that the time series of the wind speed shows a weak increase and decrease trend before
and after Typhoon passed Tower2. The maximum wind speed measured during the passage of Typhoon
Chanthu (2010) was ~36 m/s (Figure 3b).

The high-frequency data of wind speed was processed using the same procedures as detailed by Ming et al.
(2014). The quality of the three-dimensional wind speed is controlled by the spectral analysis before the flux
calculation following Zhang et al. (2009). As an example, the spectra of the three-component wind velocities
from a good flux run, each from the two typhoons, are plotted in Figure 4. The�5/3 slope seen in the log-log
scale plot of the spectra as a function of frequency confirms the Kolmogorov’s power law, which also confirms
the good quality of the wind data as the inertial subrange at high frequency can be resolved. The cospectra
and cumulative summations of cospectra of the momentum flux from the same flux runs as in Figure 4 are
plotted in Figure 5. For a good flux run, the cumulative summation of cospectra approaches asymptotically
to a constant value in both the high and low ends of the frequency band and varies continuously in between,
indicating stationarity. The flatness of the cumulative summations of cospectra at low- and high-frequency
regions indicates that the energy of the example period is well contained from 0.001 to 1 Hz (Figures 5c
and 5d). Based on the spectra analysis, a total of 83 good flux runs are identified to calculate the momentum
flux, turbulent kinetic energy (TKE), roughness length, drag coefficient, and DH that are defined below.

Based on the eddy correlation method, the flux of momentum is defined by

τ!¼ �ρ u0w0 i
!þ v 0w0 i

!� �
(1)

where u, v,w, and ρ represent longitudinal, lateral, vertical components of wind speed and the air density. The
prime represents the turbulent fluctuation and overbar is time averaging over 15 min.

Using the turbulent fluctuations, the TKE (e) is in the form of

e ¼ 1
2

u’2 þ v ’2 þ w’2
� �

(2)

Figure 3. Plot of the 15-min averages of the wind speed in (a) Typhoon Hagupit (2008) from 1400 UTC 23 September to
0500 UTC 24 September 2008 (blue, unit: m/s), and (b) Typhoon Chanthu (2010) from 2100 UTC 21 July to 1100 UTC
22 July 2010 (red, unit: m/s).
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The momentum flux in the surface layer can also be described in terms of exchange coefficient as follows:

τ ¼ ρu2� ¼ ρCDU
2 (3)

where u* is the friction velocity, U is the horizontal wind speed at the observed height, and CD is the drag coef-
ficient. The u* is define as

u� ¼ τj j
ρ

� �1
2

(4)

The U is in the form of:

Figure 4. Plots of the power spectra for the three components of wind velocities from two typical good flux runs, each in
Typhoons Hagupit (2008) and Chanthu (2010). The blue colors are from Typhoon Hagupit (2008) and the red colors are
from Typhoon Chanthu (2010). The black lines stand for the �5/3 slope.
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U zð Þ ¼ u�

k

� �
ln

z
z0

� �
(5)

where k is a constant and equal to 0.4, z is the height of the observed horizontal wind speed, and z0 is the
roughness length.

The z0 is calculated as follows:

z0 ¼ ze �kU
u�ð Þ (6)

Furthermore, CD is calculated as follows:

CD ¼ u2�
U2 (7)

Following Zhang (2010) and Zhang, Zhu, et al. (2011), the DH can be calculated using the same method as in
Bister and Emanuel (1998), which is referred as the BE method hereafter:

DH ¼ ρCDU
3 (8)

where ρ is the air density, CD is the drag coefficient, and U is the horizontal wind speed at the observed height.

Also, the DH can directly measure by integrating the dissipation rate in the surface layer, and the formula is

DH ¼ ρ ∫
z

0
εdz ¼ ρεz (9)

where z is the surface layer depth and we use the observed height here following Zhang (2010) assuming the
flux is a constant in the surface layer according to the Monion-Obukhov similarity theory; the overbar repre-
sents the mean value over the surface layer; ε is the dissipation rate and is given by

Figure 5. Plots of the cospectra and cumulative summations of cospectra of along-wind momentum flux from two typical
good flux runs, each in Typhoons Hagupit (2008) and Chanthu (2010). The blue colors are from typhoon Hagupit (2008)
and the red colors are from typhoon Chanthu (2010).
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ε ¼ α
�3

2
u

2πf
U

fSuu fð Þ½ �32 (10)

Where αuis the one-dimensional Kolmogorov constant and equals to 0.5 (Sreenivasan, 1995), f is the fre-
quency, U is the mean wind speed, and Suu is the power spectral density of longitudinal wind speed. The
DH calculated using the combination of equations (9) and (10) is based on the turbulent spectra, thus is
referred to as turbulent spectra method hereafter. Note that the main difference of these two methods for
estimating the DH is that the BE method assumes that all the kinetic energy due to friction is converted to
heat, while the spectra method gives the direct measurement of DH based on the nature of turbulent flow.
As pointed out by Zhang (2010) and Zhang, Zhu, et al. (2011), the BE method derived from the simplified TKE
budget may overestimate the DH when the shear production is balanced by the dissipation term. They also
pointed out the possible influence of surface waves on the energy dissipation over the ocean.

3. Results

The momentum flux is plotted against the observed mean wind speed in Figure 6 for all the good flux runs in
both typhoons. In Typhoon Hagupit (2008), when the mean wind speed is <25 m/s, the momentum flux
increases with the mean wind speed, but the momentum flux tends to level off when the mean wind speed
is >25 m/s (Figure 6a). On the other hand, in Typhoon Chanthu (2010), the momentum flux continues to
increase with the wind speed even when themean wind speed is>25 m/s (Figure 6b). At a given wind speed,
the magnitude of the momentum flux in Typhoon Chanthu (2010) is much larger than that in Typhoon
Hagupit (2008). In addition, the momentum flux increases slower with the wind speed in Typhoon Hagupit

Figure 6. Plots of themomentum flux as function of the meanwind speed for each flux run in (a) Typhoon Hagupit (2008, blue) and (b) Typhoon Chanthu (2010, red).

Figure 7. Plots of the TKE as function of the mean wind speed for each flux run in (a) Typhoon Hagupit (2008, blue) and (b) Typhoon Chanthu (2010, red).
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(2008) than in Typhoon Chanthu (2010) when the mean wind speed is<25 m/s. This difference in the magni-
tude of momentum flux can be attributed to the surface roughness difference between Tower1 and Tower2.

Interestingly, the behavior of the TKE in relation to the wind speed is different from that of the momentum
flux, in that the TKE continuously increases with the mean wind speed in both typhoons (Figure 7). Similar to
the momentum flux, the TKE in Typhoon Hagupit (2008) increases slower with the wind speed than in
Typhoon Chanthu (2010).

The roughness length (z0) calculated based on equation (6) is plotted against the wind speed in Figure 8 for
the two typhoons. As mentioned earlier, Tower1 in Typhoon Hagupit (2008) is located on a small island
named Zhizai Island, where the upstream topography is close to that over shallow water, while Tower2 in
Typhoon Chanthu (2010) is located on the Donghai Island, which is connected to the main land and is
surrounded by farmlands. It is evident from Figure 8 that the difference in the roughness length computed
based directly on measured momentum flux and wind speed is consistent with that based on surface land
types. Values of z0 range from 2 to 15 cm for Tower2, which is an order of magnitude larger than that
for Tower1.

The drag coefficient (CD) is presented as a function of the wind speed in Figures 9a and 9b for Typhoons
Hagupit (2008) and Chanthu (2010), respectively. It is evident that the magnitude of CD in Typhoon
Chanthu (2010) is much larger than that in Typhoon Hagupit (2008). The difference in the behavior of the
drag coefficient between Tower1 and Tower2 observations is believed to be related to the difference in

Figure 8. Plots of the roughness length as function of the mean wind speed for each flux run in (a) Typhoon Hagupit (2008, blue) and (b) Typhoon Chanthu
(2010, red).

Figure 9. Plots of the drag coefficients as function of the mean wind speed for each flux run in (a) Typhoon Hagupit
(2008, blue) and (b) Typhoon Chanthu (2010, red).
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the surface roughness. The values of CD in Typhoon Chanthu (2010) varies from 0.002 to 0.006, which are
close to those reported by Zhang, Zhu, et al. (2011) in landfalling hurricanes in which their observational
towers were deployed inland and at locations with similar land surface types as Tower2. On the other hand,
the values of the drag coefficient in Typhoon Hagupit (2008) are close to those reported by previous studies
over the ocean (e.g., Bell et al., 2012; French et al., 2007; Powell et al., 2003). Over the open ocean, the drag
coefficient is usually found to increase with wind speed when the wind speed is <25 m/s (e.g., Black et al.,
2007; Donelan et al., 2004; Fairall et al., 1996; French et al., 2007; Large & Pond 1981; Smith, 1980).
However, here we show that the drag coefficient during the landfall of Typhoon Hagupit (2008) is nearly inde-
pendent of the wind speed for wind speed <25 m/s when the data were collected over an island that is sur-
rounded by shallow water. There is a tendency for the drag coefficient to decrease with the wind speed when
the wind speed is >25 m/s, which is similar to the result of Powell et al. (2003).

The DH was calculated using both the BE method and the turbulent spectra method for all the good flux runs
in the two typhoons. Figure 10 shows the DH computed based on the BE method as a function of the wind
speed. It is evident that the variation of the DH with the wind speed is similar to that of the momentum flux in
both typhoons. Overall, there is a tendency for the DH to increase with the wind speed, which is in agreement
with previous studies (Bister & Emanuel, 1998; Zhang, 2010; Zhang, Zhu, et al., 2011). In Typhoon Chanthu
(2010), the DH increases with the wind speed much faster than that in Typhoon Hagupit (2008). For the wind
speed>25 m/s, the magnitude of the DH in Typhoon Chanthu (2010) is nearly twice that in Typhoon Hagupit
(2008), suggesting that DH varies with surface roughness for a given wind speed.

Figure 10. Plots of the DH calculated by the BE method as function of the mean wind speed for each flux run in (a) Typhoon Hagupit (2008, blue) and (b) Typhoon
Chanthu (2010, red). DH = dissipative heating; BE = Bister and Emanuel.

Figure 11. Plots of the DH calculated by the turbulent spectra method as function of the mean wind speed for each flux run in (a) Typhoon Hagupit (2008, blue) and
(b) Typhoon Chanthu (2010, red). DH = dissipative heating.
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Figure 11 shows the DH computed using the turbulent spectra method as a function of the wind speed, indi-
cating a nearly continuous increase of the DH with the wind speed for both typhoons. Again, the magnitude
of the DH in Typhoon Chanthu (2010) is much larger than that in Typhoon Hagupit (2008), in agreement with
the behavior of the DH computed using the BE method.

Plotting the bin-averaged DH from both methods as a function of the wind speed in Figure 12 shows that the
DH based on the BE method is generally larger than that based on the turbulent spectra method for both
typhoons, in agreement with the findings of Zhang (2010) and Zhang, Zhu, et al. (2011). In Typhoon
Hagupit (2008), the DH calculated by the BE method increases with the mean wind speed up to 25 m/s,
and then tends to roll off for the wind speed >25 m/s, while the DH calculated by the turbulent spectra
method increases slowly with the mean wind speed for the whole range of mean wind speed. In Typhoon
Chanthu (2010), the DH calculated using the two methods behaves similarly, showing a monotonic increase
of the DH with the wind speed. Statistical analysis shows that the difference in the DH estimated by the two
methods is significant at 95% confidence interval only in Typhoon Hagupit (2008) for wind speed range
between 25 and 35 m/s. There is no statistically significant difference in the DH estimated based on the
two methods in Typhoon Chanthu (2010) at 95% confidence level. The difference is statistically significant
only at the 75% confidence level.

Comparing the DH between the two methods for each flux run in a scatter plot (Figure 13) further confirms
the result of the bin averages shown in Figure 12, in that the BE method overestimates the DH compared to

Figure 12. The bin-averaged DH estimated from the BE method (magenta) and the turbulent spectra method (green) plotted as function of the mean wind speed in:
(a) Typhoon Hagupit (2008) and (b) Typhoon Chanthu (2010). The error bars represent the 95% confidence interval. DH = dissipative heating; BE = Bister and Emanuel.

Figure 13. Comparisons of DH estimated by the BE method and the turbulent spectra method in: (a) Typhoon Hagupit (2008) and (b) Typhoon Chanthu (2010). The
black dashed lines stand for the radio of 1:1 and the magenta solid lines stand for the least squares best fit between the data calculated by the two methods.
The linear regression equations and correlation coefficients are also shown. DH = dissipative heating; BE = Bister and Emanuel.
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the turbulent spectra method. The difference can be illustrated by the least squares best fit, with regression
equations: DHspectra = 0.396 DHBE + 2.05 for Typhoon Hagupit (2008), and DHspectra = 0.777 DHBE + 1.23 for
Typhoon Chanthu (2010), with 61.3% and 87.5% variance explained by the fitting equation. This result sug-
gests that the difference in the DH estimated by the two methods becomes smaller when the storm is closer
to land and the surface roughness is larger.

4. Discussion and Conclusion

In this paper, the high-frequency wind data, which were collected by two meteorology towers during TC
landfalls, were analyzed to investigate the characteristics of the momentum flux, TKE, drag coefficient, rough-
ness length, and DH with the different underlying surface conditions. Tower1 deployed in Typhoon Hagupit
(2008) was located in a stand-alone small island where the surface roughness length is small as the tower is
surround by sands and weeds and is close to the shallow water. Tower2 deployed in Typhoon Chanthu (2010)
was located further inland from the coast where the surface roughness length is relatively large, as the
upstream terrain types include farms, trees, and buildings. Both similarity and difference in the turbulence
characteristics were observed by Tower1 and Tower2 during TC landfalls.

As expected, both towers observed the increase of the momentum flux and TKE with the wind speed, con-
sistent with previous observational studies (e.g., Black et al., 2007; French et al., 2007; Ming et al., 2014;
Potter et al., 2015; Tang et al., 2015). The DH measured by both towers is found to increase with the wind
speed as well, in agreement with previous aircraft observations given by Zhang (2010) and tower observa-
tions given by Zhang, Zhu, et al. (2011).

With different underlying surface conditions, the measured magnitudes of the momentum flux and TKE by
the two towers are different at the same given wind speed. When the surface is rougher around Tower2 in
Typhoon Chanthu (2010), the measured momentum flux and TKE are substantially larger than those mea-
sured by Tower1 in Typhoon Hagupit (2008). When the wind speed is >25 m/s, the momentum flux tends
to level off in shallow water condition (i.e., Tower1). The derived drag coefficient based on the direct fluxmea-
surement is also significantly different in terms of its magnitude from observations of Tower1 and Tower2.
The drag coefficient measured by Tower2 over land is nearly twice that measured by Tower1 over the shallow
water. No wind speed dependence of the drag coefficient is observed by the two towers, which is in agree-
ment with land-based observations of the drag coefficient in moderate wind conditions (e.g., Mahrt et al.,
2001). Tower1 measured a weak tendency for the drag coefficient to decrease with the wind speed when
the wind speed is >25 m/s, which is similar to the results suggested by Powell et al. (2003).

The DH was estimated using two different methods following Zhang (2010): (1) the BE method and (2) the
turbulent spectra method. Our result confirms that the DH generally increases with the wind speed based
on estimates from both methods. In agreement with Zhang (2010) and Zhang, Zhu, et al. (2011), our analysis
confirms that the BE method tends to overestimate the magnitude of DH compared to the turbulent spectra
method that is more accurate based on direct turbulence observations. Interestingly, the overestimation of
the DH by the BE method is found to be much smaller over land than over the shallow water. When the sur-
face roughness is larger over land, the magnitude of the DH is also larger than that over shallow water. Zhang
(2010) found that the BE method significantly overestimates the magnitude of the DH over the open ocean
and attributed this overestimation to the energy dissipation by ocean waves. Our result supports this hypoth-
esis as we found that the overestimation of the DH by the BE method becomes smaller and smaller as the
observations are taken closer to the land. Without surface waves existing over land, all the energy caused
by frictional dissipation could be turned to heat, so that the DH estimated by the BE method based on drag
coefficient becomes consistent with the spectra method.

In the end, we note that the magnitude of the DH is as large as 100 W/m2 above the hurricane force winds.
This amount of energy is close to that from the sensible heat flux typically measured over the ocean (e.g.,
Zhang et al., 2008, 2013), suggesting that this energy from the DH cannot be neglected in numerical
simulations and forecasts of landfalling TCs. In numerical models, when DH is included in the surface layer
parameterization (i.e., the temperature tendency equation), we recommend to use the spectra method
instead of the BE method. The DH can be computed by integrating the dissipation rate in the surface layer
following equation (9) and the dissipation rate can be approximately estimated using the shear production
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term over land. Over the ocean, a reduction (10%–30%) of shear production term should be considered to
take into account the energy loss due to surface waves and ocean coupling processes.
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